To ensure the high accuracy, independence, and reliability of the measurement system in the unmanned aerial vehicle (UAV) landing process, an integration method of inertial navigation system (INS) and the three-beam Lidar is proposed. The three beams of Lidar are, respectively, regarded as an independent sensor to integrate with INS according to the conception of multisensor fusion. Simultaneously, the fault-detection and reconstruction method is adopted to enhance the reliability and fault resistance. First the integration method is described. Then the strapdown inertial navigation system (SINS) error model is introduced and the measurement model of SINS/Lidar integrated navigation is deduced under Lidar reference coordinate. The fault-detection and reconstruction method is introduced. Finally, numerical simulation and vehicle test are carried out to demonstrate the validity and utility of the proposed method. The results indicate that the integration can obtain high precision navigation information and the system can effectively distinguish the faults and accomplish the reconstruction to guarantee the normal navigation when one or two beams of the Lidar malfunction.
Introduction
The UAV plays a significant role in modern war, scientific exploration, and civilian field. In the entire flight process, the landing phase is quite short. However, the UAV suffers a great change in the posture and velocity. The navigation system may be invalid, which will lead to the accident. To achieve the secure and precise landing, a measurement of high precision, good real-time performance, and excellent reliability must be accomplished.
Presently, the navigation information during the UAV landing phase is mainly achieved by INS, global positioning system (GPS), INS/GPS integrated navigation, and computer vision. Inertial navigation technology is an effective independent measurement method that is not easily interfered and screened by electromagnetic waves. The INS can provide comprehensive navigation information, but the output error of the inertial navigation system is accumulated with the passage of navigation time. GPS is capable of high precision absolute positioning and the error does not accumulate with time. However, the satellite navigation system can be easily screened and becomes invalid in extreme environments.
Vision sensors feature in small size, light weight, and high measurement accuracy, but the real-time performance is constrained because the image processing needs mount of computation [1] . Doppler Lidar is a novel sensor to measure the velocity autonomously based on the Doppler effect. Lidar has many advantages such as high precision, wide speed range, and good dynamic performance, which is widely used in many fields [2] [3] [4] [5] .
An integration method of INS and three-beam Lidar is proposed in this paper, considering the respective characteristic of INS and Lidar. The velocity information provided by Lidar is used to integrate with INS to obtain higher precision navigation parameters. With the advantage of multiple measurements provided by three-beam Lidar, the fault-detection and reconstruction module can be established to ensure the high reliability of the system. be used in several ways. If the outputs of the three beams are fused before filter calculating, the fault source of the Lidar cannot be exactly located when the fault occurred. If one single beam velocity output is used with the other two considered as redundancy, the switch between the sensors will induce the discontinuous filtering and influence the subsequent navigation when the single beam is invalid.
Therefore, this paper proposes that the three beams of the Lidar can be regarded as three independent sensors and integrated with the INS according to multiple sensors fusion conception. The fault can be monitored and exactly located. And the superiority of multiple measurements can ensure the normal working of the system. So the stability and consecutiveness of the output can also be guaranteed when certain beams suffer failure.
Federal filter algorithm is adopted to accomplish the data fusion of INS and the three-beam Lidar. INS is designed to be the public reference system. And the velocity difference of INS and the three-beam Lidar is used as the observation. The state vector estimations of the local filters are fused in the global filter and the local filters will not be reset by the global filter. The architecture of the designed federal filter is illustrated in Figure 1 .
In Figure 1 ,̂1, 1 ,̂2, 2 , and̂3, 3 are, respectively, the state vector estimation and the error covariance matrix of the three local filters.̂, are the state vector estimation and the error covariance matrix of the global filter.
The integration process can be described as follows. First, the system dynamic model is established based on the INS dynamic model and the Lidar error model. Then the velocity output of INS and Lidar is compared to establish the measurement model. Finally, the federal filter algorithm is applied in the integration of INS and three-beam Lidar and the output state estimation of the global filter is used to compensate the INS to obtain the navigation parameters. In the following section, the dynamic model and the measurement model are elaborated. The principle of the federal filter algorithm can be referenced in literature [6] . The method of fault-detection and reconstruction is formulated in Section 3. In the figure, the coordinate is the earth coordinate and the coordinate is the navigation coordinate. The earth coordinate has a constant rotation angular rate . represents longitude and represents latitude.
System Dynamic
The dynamic INS error model has long been established and researched in literature such as those in [7, 8] , which can be referenced as follows:
where is the attitude error vector, k is the velocity error vector in the navigation frame coordinate, is the earth rotation rate in the navigation frame, is the rotation rate from the navigation frame coordinate with respect to the earth frame coordinate, f is the accelerometer error, is the attitude matrix from body frame coordinate to navigation frame coordinate, is the gyro measurement error in the body frame, is the latitude position error, is the longitude position error, ℎ is the height error, and Mathematical Problems in Engineering 3 and represent the radii of curvature along lines of constant longitude and latitude, respectively.
Lidar Error Model.
Lidar based on the laser Doppler effect can obtain the velocity information by extracting Doppler shift of the scattered light from moving object. The beams of the Lidar provide the velocity to the ground along the direction of the laser beam. The direction of the Lidar beam is denoted as . According to the Lidar error model in [9] , the output velocity of Lidar is assumed to contain errors of bias, scale factor, and noise. The error model of Lidar can be expressed as
whereṼ is the real output of Lidar, V is the ideal output velocity, and , , and stand for the scale factor, bias, and Gaussian white noise.
Measurement Model. The vehicle velocity provided by
Lidar is relative to ground along the direction of the laser beam. The output of INS is the three-axis vehicle velocity defined in the navigation frame coordinate. According to the method proposed in [9] , the output of velocity information from the INS is first transformed from navigation reference coordinates to body reference coordinate. Then the integrated navigation measurement model can be established in the orientation which is defined by the Lidar beam.
The INS output velocity k defined in the body reference coordinate could be calculated by
where is the navigation to body frame transformation matrix. Thus, the velocity error defined in body reference coordinates could be expressed as follows:
The calculated navigation to body frame transformation matrix and identity matrix is assumed as and I, respectively. One can obtain
The error of can be written as 
and therefore 
With the substitution of (6), (8) into (4), the error of the velocity in body frame can be written as 
By doing some matrix manipulations on (9), we have
From (10) we can see that the velocity error defined in body frame coordinate could be determined by velocity and attitude errors defined in navigation frame coordinate, which are the states of the SINS error model.
The angles of the laser beam between the -axis, -axis, and -axis of the body reference frame are denoted as , , and . Then the velocity V can be expressed as
which is the INS output velocity along the beam direction. Considering the various errors of the six parameters in (11), namely, the errors , , and from , , and and V , V , and V from V , V , and V , the velocity along the direction of calculated by the INS can be obtained:
Further by expanding (12) and neglecting the small secondorder items, one obtains
Combining the Lidar error model and substituting (11) into (2), the real output velocity of Lidar can be expressed as
In order to realize the integrated navigation of INS/Lidar, the output of the Lidar velocity is compared to that of the INS velocity in the direction , and the observation of the integrated navigation can be given by
Substitute (13) and (14) into (15), and we obtain
Equation (10) can be expanded as
The substitution of (17) into (16) 
We can find that when the Lidar output velocity is compared with the INS output velocity in the direction of , the velocity observation error can be obtained and determined by the states of the INS error and Lidar error models. Therefore, the measurement model of INS/Lidar integrated navigation is established.
Integrated Navigation System Equation.
In this paper, both the accelerometer and gyroscope errors are considered to be composed of bias (random constant) error and white noise. The state-space system model can be derived from the differential equations of navigation errors. The misalignments are assumed to be constant value after the installation was accomplished. And the bias and scale factor of the Lidar Mathematical Problems in Engineering 5 are also assumed to be constant in the process of working after being powered on, which is described as follows:
Combining the INS and Lidar error model, the integrated system linear dynamic model can be given bẏ
The error state vector X( ) is composed of the navigation errors and inertial sensor errors and Lidar errors, which is a 20-dimension error states vector established as follows:
In the equation, ∇ , ∇ , and ∇ stand for the bias errors of the accelerometers and , , and stand for the bias errors of the gyroscopes. W( ), the system process noise, which is composed of the white noises of the inertial sensors, can be written as
where , , and are the accelerometers noise and , , and are the gyroscopes noise. The observation is the velocity difference of the INS output velocity and Lidar output velocity along the beam direction, which can be expressed as
The measurement equation can be given by
The measurement equation matrix could be derived from (18): 
V( ) is the measurement noise.
Fault-Detection and Reconstruction
The fault-tolerant technology is an important method to enhance the reliability and stability of the system. The INS does not need any external information, so it is immune to the external interference and is rather reliable. So we assume that the INS will not suffer failures. However, due to the reflect characteristic of the laser, the signal cannot be effectively extracted from the laser beam in certain environment. So the Lidar may suffer failures such as no output, outliers. The validity of the Lidar measurement should be confirmed.
The system level fault-detection is applied, namely, to monitor the three local filters composed of INS and Lidar. The residual 2 test method introduced in [6] is adopted. In each local filter, when the Lidar is normal, the time-propagated state estimates and the measurement matrix provide the optimal estimation of the real measurement information; 6 Mathematical Problems in Engineering the difference of the estimation of the measurement and the real measurement is the residual. The residual is white noise if the filter is in normal state. The calculation of the residual is illustrated in Figure 3 .
With the residual and its variance matrix, the faultdetection function can be established. And the function has a chi-square distribution with m degrees, where m is the degree of the measurement vector. The threshold is determined according to the assumed false-alarm rate. Then the faultdetection function value is compared to the threshold. If the value is greater than the threshold, the fault is believed to be detected in the filter. And if the value is smaller, the filter is believed to work in the normal state. The fault-detection function is expressed as follows:
where is the variance matrix of the residual and is the fault-detection function.
The entire fault-detection process of the system can be described. The residual of the three local filters is calculated, respectively. Then the fault-detection function value can be derived. The values are judged. If the fault is detected, the measurement of the filter will be rejected. Otherwise, the estimation state will be fused in the global filter. The process is illustrated in Figure 4 .
If the fault is detected, the rest normal filters are used to calculate the estimation state. The isolated local filter executes the time propagating process. And the local filter could be used again when the local filter recovered after the fault disappeared.
In this paper, the distribution coefficient in the fault pattern is taken into consideration. The method in [10] is adopted.
is assumed to be the flag of the th local filter composed of INS and the Lidar. In the normal state, the flag is 1. If the fault is detected, it will be changed to 0. The distribution coefficient of the th local filter is expressed as
From the formula it can be seen that ∑ =1 = 1. The principle of conservation of information in the federal filter is met. Before every filter calculating, the local filter information is reassigned on the basis of the updated distribution coefficient. The fusion algorithm of the federal filter is expressed as
From the equation, we can see the state estimation and covariance matrix will not influence the fusion if the fault is detected in a certain local filter.
Simulation
The numerical simulation is carried out to demonstrate the validity of the proposed method. Uniform motion, decelerating, turning, diving, and flare-out are included in the designed track. The total time is 257 s. In fault-detection, the false-alarm rate is set as 0.005. The threshold is set as 7.9. The errors of the IMU and Lidar are set as follows: Fault-detection k2
Fault-detection k3
Residual k1
Residual k2
Residual k3 Figure 4 : Process of the fault-detection. integrated navigation. Figure 6 shows the attitude error of INS and integrated navigation. Figure 7 shows the position error of INS and integrated navigation. Figure 8 shows the velocity error of integrated navigation. Figure 9 shows the attitude error of integrated navigation. Figure 10 shows the position error of integrated navigation.
From the simulation results, we can find that the accuracy can be improved effectively by the integrated navigation compared with INS. And the integration of INS and Lidar can effectively restrain the divergence of velocity error and attitude error in the landing process and provide high accurate velocity information and attitude information, which demonstrates the validity of the integration method. Simultaneously the measurement of Lidar is velocity, so the position error cannot be effectively corrected. Other position sensors can be combined to obtain more accurate position information.
To validate the fault-detection and reconstruction method, one or two beams are assumed to malfunction in the process and the simulation is carried out, respectively. According to the practical condition, we assume that when the beams malfunction the beams cannot provide velocity information and the outputs are all zeroes.
The beam 1 is assumed to suffer failure, which starts from 100 s and lasts 20 s. The simulation results are illustrated in Figures 11-14 . Figure 11 shows the fault-detection value. Figure 12 shows the velocity error when the first beam malfunctions. Figure 13 shows the attitude error. Figure 14 shows the position error.
The beam 1 and beam 3 are both assumed to suffer failure, which starts from 100 s and lasts 20 s. The simulation results are illustrated in Figures 15-18 . Figure 15 shows the faultdetection value of the three local filters. Figure 16 shows the velocity error when two beams malfunction. Figure 17 shows the attitude error. Figure 18 shows the position error.
From Figures 11 and 15 , we can see that the system can detect the fault effectively when one or two beams suffer failures. From Figures 12-14 and 16-18, we can see the system can accomplish the reconstruction when one or two beams suffer failure and provide high precision navigation information. 
Vehicle Test
A vehicle test was conducted to demonstrate the validity of the method. A fiber optic gyro (FOG) SINS, three-beam Lidar, GPS, and Uninterruptible Power Supply (UPS) were used in the vehicle test. The configuration of the integrated system is shown in Figure 19 ∘ C-25 ∘ C and a humidity of 30%-50%.
In the process of the vehicle maneuvering, the total time is about 6000 s and the maximum speed is about 100 km/h. The total mileage is about 105 km. Trajectory of the vehicle is shown in Figure 22 . The integration of the INS and Lidar could provide longtime and high precision navigation. Here, for the method proposed in the paper, the integrated navigation output in the situation that one or two beams malfunction during the vehicle maneuvering is displayed mainly to verify the fault-detection and reconstruction module. The related results of the test are illustrated in Figures 23-26 . 
Conclusion
In this paper, a method of the integration of INS and threebeam Lidar was proposed for the landing process. The three beams of the Lidar were regarded as three independent sensors to integrate with INS in the multiple sensors fusion conception. Federal filter is used to fuse the data. The SINS/Lidar measurement model is established and the faultdetection and reconstruction module are simultaneously designed. Numerical and vehicle test are conducted and the results showed that the proposed method can realize high precision navigation, and the system can work normally when one or two beams suffer failure with high reliability.
